Direct-write soft x-ray lithography with an ϳ50 nm diameter beam is used to pattern features in hydrogen silsesquioxane ͑HSQ͒ thin films. Scanning transmission x-ray microscopy of the undeveloped patterns ͑latent patterns͒ at the oxygen K-edge reveals a two-stage cross-linking mechanism. Oxygen and silicon near edge x-ray absorption fine structure spectra of latent patterns show an increase in oxygen content and no change in silicon content within exposed regions. A dose and thickness dependent spatial spread of the cross-linking reaction beyond the exposure boundaries is observed and quantified in detail. Strong area-dependent exposure sensitivity ͑attributed to cross-linking beyond the exposed region͒ is observed in latent patterns. A lateral spread in the cross-linking of Ͼ70 nm ͑full width at half maximum͒ is observed on both sides of the lines created with 580 eV x-rays ͑ = 2.14 nm͒ in 330Ϯ 50 nm thick HSQ films at low dose ͑0.6Ϯ 0.3 MGy, 27Ϯ 12 mJ/ cm 2 ͒ ͑1 MGy= 10 6 J / kg absorbed energy͒. At a higher dose ͑111Ϯ 29 MGy, 5143Ϯ 1027 mJ/ cm 2 ͒, this spread increased to 150 nm. Preliminary results indicate that latent line widths increased with increasing delay between film spin-coating and exposure. Sharper lines are observed after room temperature development of the latent HSQ patterns in NaOH/NaCl solution ͑onset dose of 3.9Ϯ 1.0 MGy, 181Ϯ 36 mJ/ cm 2 ͒ due to the removal of material below a critical degree of cross-linking. Given the short range of low energy secondary electrons in condensed media ͑Ͻ10 nm at Յ580 eV͒, the observed spread is likely due to the propagation of reactive ions or radicals beyond the exposed regions.
I. INTRODUCTION
The negative-tone photoresist hydrogen silsesquioxane ͑HSQ͒ is a promising material for sub-20-nm electron beam ͑e-beam͒ lithography and photolithography because of its small molecular size, low dielectric constant, and excellent mechanical stability. 1, 2 However, a better understanding of the cross-linking chemistry is necessary to utilize HSQ and its derivatives for commercial nanolithography. In research environments, e-beam lithography of HSQ produces high aspect-ratio, nanoscale features ͑as small as 4.5 nm; see Ref.
3͒ that are used for optical devices such as extreme ultraviolet ͑EUV͒ diffraction gratings, 4 x-ray zone plates, [5] [6] [7] and nanoantennas for optical field enhancement, 8 as well as highdensity line patterns for the next generation of integrated circuits and computer memory. 9, 10 Often, the exposure dose and developer conditions required to achieve the desired feature size and contrast are unpredictable. 1, 11, 12 Irreproducibility in the features is caused by sample quality and age, 13 time delay effects, 13, 14 and area-dependent sensitivity. 4, [15] [16] [17] Therefore, recent studies have focused on determining the optimum parameters for producing the smallest features via e-beam lithography of HSQ, 3, 11, 15, 18 but many questions remain unanswered. 1 While e-beam lithography is an important patterning modality for HSQ, commercial integrated circuit manufacturing requires high-throughput optical lithography. EUV interference lithography of HSQ has been used to form dense line patterns ͑20 nm half-pitch͒, 19 and x-ray exposure behind a mask has created isolated 11 nm wide features in 50 nm thick HSQ films. 20, 21 This line width resolution surpasses that of conventional chemically amplified resists, 9 but with insufficient sensitivity and reproducibility for high-throughput commercial applications. To address these issues, new and improved HSQ derivatives and similar materials are under development. 22 Progress could be hastened by understanding the fundamental chemistry that creates the current challenges with HSQ.
HSQ, a cagelike molecule with the formula H 8 Si 8 O 12 , belongs to the class of compounds known as polyhedral oligomeric silsesquioxanes. Also known as "spin-on glass" and a͒ developed as an interlayer dielectric film for integrated circuits, 23, 24 extremely thin HSQ films are applied from a volatile solution via spin-coating, then cross-linked to an insoluble, glasslike SiO 2 network structure via heat, 25 e-beam, 2, 15, 17 proton beam, 26 He + beam, 27 ultrafast pulses of near IR light, 28, 29 EUV radiation, or x-ray exposure. [30] [31] [32] After cross-linking, the unexposed HSQ is selectively dissolved by a basic or organic developer solution. 1 In most studies, scanning electron microscopy ͑SEM͒ or atomic force microscopy imaging of the patterns is performed after e-beam exposure and development. One drawback of such postdevelopment analysis is that the chemical effects of exposure are coupled with the development chemistry, and the features produced are sensitive to changes in the development process. 12, 15, 33, 34 To address questions pertaining solely to the exposure-induced chemical changes, undeveloped ͑latent͒ photoresist patterns can be imaged at high spatial resolution ͑ϳ30 nm͒ with scanning transmission x-ray microscopy ͑STXM͒. 16, 35 Differences in bonding structure around the Si and O atoms in HSQ before and after cross-linking are measured using near edge x-ray absorption fine structure ͑NEXAFS͒ spectroscopy. These changes in bonding reflect the degree of cross-linking in the exposed versus unexposed regions of the HSQ film prior to development. A previous STXM study on latent HSQ patterns reported bonding changes extending up to 12 m beyond the exposure boundaries at high e-beam doses ͑approximately 50 mC/ cm 2 in a 250 nm thick film͒. 16 Here, NEXAFS spectroscopy and STXM imaging of x-ray exposed HSQ are used to quantify the range of the reaction spread, cross-linking rate, and x-ray exposure sensitivity of HSQ in the absence of development effects. We observe a two-stage x-ray induced cross-linking process resulting in the incorporation of additional oxygen atoms into the cross-linked regions. The full width at half maximum ͑FWHM͒ spread of the cross-linking reaction is Ͼ70 nm, depending on the film thickness and x-ray dose. The reaction spread results in proximity effects, including significant areadependent sensitivity. Comparing the patterns before and after development shows that a partially cross-linked material is removed by the NaOH/NaCl developer, including regions cross-linked by reaction spread. Thus, the underlying causes of the proximity effects are not fully apparent after development.
II. EXPERIMENT
HSQ thin films, 100-500 nm thick, are prepared on 100 nm thick silicon nitride substrates. For patterning, spectroscopy, and imaging, the sample patterns are written and analyzed in the STXM at beamline 5.3.2 at the Advanced Light Source ͑ALS͒, Lawrence Berkeley National Laboratory, Berkeley, CA. 36 For lithography, x-rays at 536 or 580 eV are tightly focused on the film surface to an approximately 50 nm diameter spot ͑FWHM͒, and the sample is raster scanned through the x-ray beam in a predefined pattern. Oxygen K-edge NEXAFS spectra ͑520-700 eV͒ allow the assessment of changes in the chemical structure surrounding the oxygen atoms before and after x-ray exposure. Within 5 min of patterning, images of exposed patterns are measured with ϳ30 nm spatial resolution; additional cross-linking is minimized with reduced photon flux and rapid scanning at a single fixed energy ͑536 eV, oxygen K-edge͒. Analysis of these images measures the relative degree of chemical change for each set of conditions. Corresponding NEXAFS spectra at the silicon atom K-edge ͑1825-1880 eV͒ are measured on beamline 11.0.2 of the ALS.
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A. Sample preparation
To prepare HSQ films, 5 l of Dow Corning XR-1541 ͑for 100 nm thick films͒, Dow Corning FOx-15 ® ͑300-400 nm thickness͒, or Dow Corning FOx-25 ® ͑500 nm thickness͒ are spin-cast at 2000-6000 rpm for 30 s onto a 100 nm thick silicon nitride ͑Si 3 N 4 ͒ membrane substrate ͑Silson Limited͒. Periodically, the transmitted spectrum and photon flux through a blank substrate are measured to obtain the background ͑necessary to convert the signal to absorbance͒. HSQ stock solutions were stored continuously at −15°C for up to 2.5 years. Previous reports suggest that contrast and sensitivity depend on how recently the HSQ was synthesized, but that the effect of a delay between prebake and exposure is greater. 13 Only films noted as "prebaked" were baked on a hot plate in air for 5 min at 150°C to remove excess solvent prior to exposure. To aid in focusing, a 1.5 l droplet of dilute, 100 nm gold nanoparticles is pipetted onto the surface. The films are then stored in air for ϳ15 h prior to exposure and imaging in the x-ray microscope. The microscope chamber is evacuated to 0.2 Torr ͑ϳ26.7 Pa͒ then backfilled with 300 Torr of He.
B. STXM lithography and imaging
The STXM at beamline 5.3.2 uses a Fresnel zone plate lens ͑25 nm outer diameter͒ to focus synchrotron-generated soft x-rays to a 30-50 nm diameter spot. By focusing on a 100 nm nanoparticle on the sample surface, 36 the beam is tightly focused through the entire film thickness ͑Յ500 nm͒. A monochromator selects the photon energy with Ͻ0.1 eV spectral resolution. The monochromator entrance slit, plus vertical and horizontal exit slits, controls the spectral and spatial resolution of the microscope and photon flux. 36 For patterning, wide settings for the three slits ͑80, 40, and 40 m͒ yield a photon flux on the order of 10 6 photons/ s with an ϳ50 nm beam diameter ͑FWHM͒. For imaging, narrow slits ͑40, 20, and 20 m͒ reduce the photon flux by a factor of ϳ4 and improve the spatial resolution to ϳ30 nm. 38 To obtain images at a fixed energy, the x-ray transmission is measured as the sample is raster scanned through the focal point. For NEXAFS spectra, the photon energy is scanned for each point of interest. The transmitted signal is compared to that through a blank silicon nitride membrane substrate and converted to optical density ͑OD͒ according to the following equation:
where I is the x-ray flux through the sample plus substrate and I 0 is the photon flux through the blank substrate, and the natural logarithm form is used. The measured OD is sensitive to the sample thickness, l, density, , and energy-dependent mass absorption coefficient, ͑E͒. At the oxygen K-edge, a minimum HSQ film thickness of ϳ300 nm was used to obtain high signal-to-noise ratios. The contrast within each image, which is related to the degree of cross-linking, is quantified by calculating the relative OD ͑⌬OD͒ between exposed and unexposed regions as follows:
͑2͒
An approximately Gaussian beam profile is assumed, with a 50 nm FWHM and extended tail, based on the measured spatial resolution and previously reported knife-edge measurements. 39, 40 For single-pass lines, the sample is scanned through the focal point with a fixed step size of 50 nm or 200 nm and an exposure time ͑dwell time͒ from 2 ms to 7.7 s per pixel. Longer dwell times or smaller step sizes result in a higher deposited dose and, thus, a greater degree of cross-linking. Wide features are patterned by exposing n adjacent single-pass lines, with the space between lines equal to the step size ͑50 nm or 200 nm͒. See supplementary material in Ref. 41 for detailed beam profile and exposure patterns. HSQ x-ray patterning near the oxygen K-edge involves a resonant or near-resonant absorption. The absorbed dose is calculated by
where a is the absorbed radiation in units of megagrays ͑MGy͒ ͑1 MGy= 10 6 J kg −1 ͒, F is the flux absorbed ͑photons/s͒ at energy E in exposure time t of a specific irradiated volume of the HSQ with mass m, and is the photon counting efficiency of the detector at energy E ͑57Ϯ 5% at 536 eV͒. 36, 42 The mass is calculated from the irradiated area, sample thickness, and density. The density for non-crosslinked HSQ is assumed to be 1.3-1.5 g / cm 3 . 43 The film thickness is estimated for each patterned region by fitting the oxygen K-edge NEXAFS spectrum to that calculated per nanometer thickness of HSQ. [44] [45] [46] The uncertainty in each quantity in Eq. ͑3͒ is propagated for all dose values.
At 580 eV, the optical density changes very little with exposure time, and the absorbed flux, F, is taken as the difference between the flux through the blank substrate ͑I 0 ͒ and the flux through the unexposed sample ͑I͒,
However, at 536 eV the OD changes with exposure time, and absorbed flux is calculated according to
where empirical data are used to fit the OD versus exposure time. For ease of comparison to dose values in the literature for EUV lithography, the area dose is also calculated by
where D is the absorbed radiation dose in units of mJ/ cm 2 , and A is the irradiated area; this does not account for differences in sample thickness.
Within 5 min of x-ray exposure, patterned regions are imaged at 536 eV at a higher spatial resolution ͑ϳ30 nm͒ and reduced x-ray flux. For patterning, the slit width, dwell time, and step size result in a total dose of 0.4-300 MGy, while imaging settings are optimized for Ͻ0.1 MGy absorbed dose. No increase in STXM contrast was observed for regions with Ͻ0.1 MGy dose, confirming that little or no cross-linking occurs during imaging. After x-ray exposure and imaging, patterned films are developed for 4 min at room temperature in a high-contrast developer solution of 1 wt % NaOH and 4 wt % NaCl in Millipore water to remove any unexposed material. 47 The developed patterns are subsequently imaged again using STXM and a field emission scanning electron microscope ͑JEOL JSM 6340F͒.
III. RESULTS AND DISCUSSION
A. NEXAFS spectra of x-ray exposed HSQ
The oxygen K-edge NEXAFS spectrum of a prebaked, 525Ϯ 50 nm thick unexposed HSQ film, shown in Fig. 1͑a͒ , is obtained by defocusing the x-ray beam to a spot size of 20 m ͑total dose ϳ0.02Ϯ 0.01 MGy͒. A small peak is observed at 536.1Ϯ 0.1 eV on the shoulder of a broader peak centered at ϳ538.8 eV. After focusing the x-ray beam, the spectrum is remeasured. This results in a total dose of 808Ϯ 213 MGy after the spectral acquisition ͑from 520 to 600 eV͒. As shown in the difference spectrum in Fig. 1͑a͒ , the additional exposure results in a pronounced decrease in OD at 535.9Ϯ 0.1 eV along with an increase in the broader peak ͑538.8 eV͒ and post-edge OD ͑for example, at 590 eV͒. Because the absorbed dose is cumulative, the exposure level increases slightly at each consecutive energy during the measurement of the "exposed" spectrum.
For comparison, the oxygen spectra in Fig. 1͑b͒ are from a sequence of images as a function of energy, called an "image stack," which provides a spectrum at each image pixel. 36 A small region ͑0.5 m 2 ͒ of an unbaked 300Ϯ 50 nm thick film is uniformly exposed to 47Ϯ 15 MGy at 580 eV. The image stack is subsequently acquired from this exposed region and the surrounding film, and the spectra shown are averaged over these two separate regions. ͑The image stack adds 3 Ϯ 1 MGy of dose, inducing a small increase in crosslinking over both regions.͒ The NEXAFS peak positions in Fig. 1͑b͒ agree within uncertainty to those in Fig. 1͑a͒ . Varia-tions in line shape are attributed to differences between the two samples, including sample type, age, prebake conditions, and exposure parameters.
The oxygen K-edge NEXAFS spectra observed here are similar to those previously reported for unexposed versus e-beam cross-linked HSQ films. 16 The spectral modifications in HSQ after exposure are attributed to changes in bonding around the oxygen atoms due to x-ray induced polymer network formation ͑cross-linking͒. The broad absorption band at ϳ539 eV increases as the HSQ cross-links to a more SiO 2 -like structure, due to an increase in the 1s → ‫ء‬ ͑O-Si͒ absorption that occurs at this energy in SiO 2 . 48, 49 The broad band at ϳ562 eV, present before and after cross-linking, arises from a "shape resonance" of the same transition. [48] [49] [50] [51] Previously, the broad 539 eV peak was also assigned to adsorbed water multilayers on various surfaces. 52, 53 Additionally, the NEXAFS spectra in Fig. 1͑a͒ indicate that the total oxygen content within the exposed regions ͑808 MGy͒ increases by ϳ30% ͑evidenced by the increase in x-ray absorption beyond the oxygen edge, from 550 to 590 eV͒. For smaller doses ͓Fig. 1͑b͒, 3 vs 50 MGy͔, a correspondingly smaller increase in oxygen content is observed. Hence, the oxygen content increases with increasing dose. This oxygen could be incorporated into the network during cross-linking or come from water adsorbed on the surface and within pores in cross-linked regions, possibly due to decreased hydrophobicity and altered pore size of the network structure. 25, 43, 54, 55 At the lowest vacuum pressure used in the STXM chamber ͑0.2 Torr͒, many monolayers of water exist on the film surface and surfaces of the experimental chamber. Water is also mobile within the porous HSQ network ͑in cross-linked HSQ, diffusion coefficient of H 2 O Ϸ 3.61ϫ 10 −10 cm 2 / s͒. 56 To ensure less than a monolayer of water, much lower vacuum pressure is required. Comparison to NEXAFS spectra at lower pressure could potentially elucidate the role of water in the cross-linking mechanism. The ϳ536 eV peak is tentatively assigned to Si-OH, based on peaks reported at 534.4-535.5 eV for various O-H species ͓i.e., 1s → 4 ‫ء‬ ͑O-Si͒ transition for Si-OH on the surface of silicon oxide nanowires 57 or OH − chemisorbed on NaCl ͑Ref. 58͔͒. The symbol represents all the other Si cage or network bonds. To verify peak assignments, NEXAFS spectra were measured for similar compounds with different substituent groups. The spectra for methyl silsesquioxane ͑MSQ͒ in its pure, powdered form ͑PSS-octamethyl substituted, Sigma Aldrich͒ and solubilized MSQ ͑polymethylsi-loxane in ethanol, Techneglas, Inc.͒ are shown in Fig. 2 . The MSQ is identical to HSQ except that Si-H groups are replaced by Si-CH 3 . In the solubilized MSQ, a small percentage of the Si-CH 3 groups are replaced by Si-OH. 59 For solubilized MSQ, the NEXAFS line shape is similar to the unexposed HSQ spectrum ͑Fig. 1͒, with a sharp peak at 536.7Ϯ 0.1 eV and a broad peak at 538.7Ϯ 0.1 eV. However, for pure MSQ ͑without Si-OH͒, the sharper 536.7 eV peak is not observed. This suggests that the 536.7 eV absorption in solubilized MSQ results from the Si-OH bonds, and that the ϳ536 eV absorption in unexposed HSQ is likewise due to Si-OH present in the as-spun film. While there is uncertainty in this assignment due to possible structural differences in these commercially prepared samples, it is consistent with the fact that Si-OH must also be incorporated into pure HSQ to increase its solubility for spin-on applications. 60, 61 The decrease of this Si-OH associated peak during cross-linking shows that existing Si-OH groups play an important role in the x-ray induced crosslinking mechanism under these conditions. 2 The silicon K-edge spectra of HSQ ͓exposed to Ͼ0.5 MGy ͑Ͼ17 mJ/ cm 2 ͒ at 540 eV͔ shown in Fig. 3 were acquired using the image stack method. 36 With Ͼ0.5 MGy x-ray dose, a distinct decrease in the optical density at 1845.4Ϯ 0.3 eV and an increase at 1847.6Ϯ 0.3 eV is ob- FIG. 1 . ͑Color online͒ ͑a͒ Oxygen K-edge NEXAFS spectra of a HSQ thin film before ͑unexposed͒ and after ͑exposed͒ x-ray exposure ͑808 MGy, 520-600 eV͒. The differences are attributed to x-ray induced cross-linking and ϳ30% increase in total oxygen content. ͑b͒ Similar peak shifts and a smaller increase in oxygen content are observed for a smaller dose in a slightly thinner film. Less exposed= 3 MGy, more exposed= 50 MGy ͑580 eV͒.
FIG. 2.
͑Color online͒ Oxygen K-edge NEXAFS spectra for pure MSQ with no Si-OH compared to MSQ with incorporated Si-OH, suggesting that the ϳ536 eV peak in Fig. 1 is likewise due to Si-OH in as-spun HSQ.
served. The increasing peak at 1847.6 eV is due to an increase in SiO 2 -like bonds. 48, 62, 63 The decreasing absorption at 1845.4 eV is likely due to a decrease in Si-OH bonds after exposure, based on previous studies of porous silicon 62,64 ͑SiO 2 ͒ and siloxene. 63 Notably, no features at 1838-1840 eV, which would indicate Si-Si bonds, 62 were observed before or after cross-linking at this x-ray dose.
The Si spectral peak positions and intensities before and after x-ray exposure are similar to those of powdered HSQ solids before and after heating at 500°C. 65 This implies similar network structures for heated versus x-ray exposed HSQ. However, no decrease in silicon is observed in the exposed region, as evidenced by no change in the post-edge absorption. This is in contrast to the proposed thermal bond redistribution mechanism for HSQ cross-linking, which involves the eventual loss of silane gas ͑SiH 4 ͒. 25, 66 The x-ray dose used here may be too small to observe changes in Si content. Although the silicon and oxygen spectra are acquired with a different exposure wavelength and dose, they demonstrate that x-ray induced chemical changes affect the chemical bonding of both silicon and oxygen, as expected for polymer network formation.
B. X-ray induced reaction rate
To quantify x-ray exposure sensitivity and quantitatively relate contrast ͓⌬OD, Eq. ͑2͔͒ to cross-linking, HSQ films patterned at increasing dose were imaged at 536 eV and are shown in Fig. 4͑a͒ . The contrast at each pixel quantifies the relative degree of cross-linking in the exposed versus unexposed areas, and the sensitivity is defined as the increase in contrast per unit of absorbed x-ray dose. ͑These definitions of latent contrast and sensitivity are different from, but analogous to, those used in lithography based on developer effects.
1 ͒ Equal-sized features ͑1 ϫ 5 m 2 ͒ are exposed at 536 eV in a prebaked HSQ film ͑500Ϯ 50 nm thick͒. The step size is 200 nm, features are separated by 1 m, and the dwell time is increased exponentially for each subsequent feature ͑doses from 2.0Ϯ 0.4 to 276Ϯ 57 MGy͒. The patterned area is subsequently imaged at 536 eV, and the x-ray transmission through each feature is shown in Fig. 4͑a͒ . ͑Black spots are clusters of 100 nm gold nanoparticles used for focusing.͒ The line profile indicates the average contrast through the shaded region ͑highlighted by bold arrows͒. The contrast values in Fig. 4͑b͒ are averaged across the central 80% of each feature, excluding any nanoparticles. Individual exposed points are not observed within each feature due to spreading of the cross-linking reaction beyond the 50 nm exposure beam width, which is detailed in the following section.
The contrast between exposed and unexposed regions, plotted versus dose and dwell time in Fig. 4͑b͒ , shows a sublinear increase in cross-linking with dose. The dashed line fit is ⌬OD= 0.85− 0.067 exp͑−a / 4.2͒ − 0.782 exp ͑−a / 247͒, where a is dose in MGy; this is recast to ⌬OD = 0.85− 0.067 exp͑−t / 0.09͒ − 0.782 exp͑−t / 5.5͒, where t is exposure time per point in seconds. This double exponential fit indicates a cross-linking process with a fast initial step ͑ 1 = 0.09Ϯ 0.01 s͒ and a slower second stage ͑ 2 = 5.5Ϯ 0.3 s͒. These time constants depend on the rate of energy absorption, or absorbed dose rate, just as other reaction rates depend on temperature or laser power. Here the   FIG. 3 . ͑Color online͒ Silicon K-edge NEXAFS spectra of a HSQ thin film, indicating an increase in SiO 2 -like structure but no loss of total Si content after x-ray exposure. The "more exposed" region received Ͼ0.5 MGy at 540 eV prior to imaging, and both spectral regions received Ͻ0.5 MGy at the Si edge ͑1830-1880 eV͒ during the image stack ͑approximate doses͒. incident flux of ϳ1.6ϫ 10 6 photons/ s corresponds to a dose rate of ϳ42 MGy/ s. The fit indicates that cross-linking can continue beyond the highest dose used ͑276Ϯ 57 MGy, 19 339Ϯ 3203 mJ/ cm 2 ͒ to a maximum contrast of ⌬OD Ϸ 0.85 for fully cross-linked material. Assuming that ⌬OD from 0 to 0.85 corresponds to a change from zero to 100% for the relative degree of cross-linking, then ⌬OD= 0.1, for example, corresponds to an 11.8Ϯ 4.2% increase in the degree of cross-linking. A linear fit of the lowest-dose points in Fig. 4͑b͒ gives an initial sensitivity of 1.1Ϯ 0.4% crosslinking increase per MGy x-ray dose, while the highest-dose points yield 0.19Ϯ 0.07% per MGy. Thus, the initial, fast cross-linking corresponds to higher sensitivity, and the slower cross-linking is equivalent to lower sensitivity.
Evidence for the two-stage mechanism was also observed in near-IR multiphoton-induced cross-linking of HSQ, with slower cross-linking reaction rates ͑ 1 =30Ϯ 10 s and 2 =3Ϯ 1 min͒, 28 presumably due to a lower dose rate and/or different mechanism. One explanation for the two stages could be that photolytically generated reactive sites in close proximity react quite readily. Then, during polymer network formation, the film becomes increasingly rigid, further restricting the mobility of the remaining reactive sites, resulting in a decrease in the rate. Within the solid film, sites with more favorable kinetics for cross-linking due to juxtaposition or angular geometry may cross-link first, and the reaction becomes slower as these sites are consumed.
C. Area-dependent sensitivity
In Fig. 4͑a͒ an increasing "background" level of crosslinking between adjacent features starting at 22.3 MGy ͑1563 mJ/ cm 2 , position ϳ16 m͒ is seen. This indicates polymer cross-linking outside the exposed region, consistent with previous STXM and Fourier transform infrared imaging of latent HSQ e-beam patterns. 16, 67 Contrast depends on the direct overlap between exposed points based on the beam profile 15 and on the contribution to cross-linking by reaction spread ͑beyond each exposed point͒. Thus, this spread could result in the area-dependent sensitivity, 4, 15 where obtaining an equivalent peak degree of cross-linking ͑a requirement for some lithography applications 1,4 ͒ requires a smaller dose for larger features.
To examine how lateral reaction spread contributes to area-dependent sensitivity, a set of features with different widths are patterned at a constant dose. Figure 5͑a͒ shows an unbaked HSQ film ͑400Ϯ 50 nm thick͒ exposed to 8.6Ϯ 1.4 MGy ͑484Ϯ 44 mJ/ cm 2 ͒ and subsequently imaged at 536 eV. The first feature on the left results from a single-pass line exposure of the x-ray beam at 580 eV with 50 nm step size. Proceeding to the right, the exposed feature width increases to 1.5 m ͑produced by 30 adjacent singlepass lines separated by 50 nm͒. Figure 5͑b͒ plots the increase in peak contrast versus exposed feature width ͓from Fig.  5͑a͔͒ . A small increase in contrast is expected with feature width ͓lower black curve, Fig. 5͑b͔͒ , based on the slight overlap between adjacent point exposures. However, the data display a much stronger area dependence. Furthermore, the single-pass line exposures in Fig. 5͑a͒ ͑far left͒ have an average FWHM of 360Ϯ 50 nm, which corresponds to a lateral spread of at least 150 nm from the edges of the exposure beam. Therefore, a simulation using a 360 nm FWHM beam profile ͓upper gray curve, Fig. 5͑b͔͒ nearly matches the observed measurements. ͓The simulated curves in Fig. 5͑b͒ are for isolated features using a 50 nm step size, x-ray beam profile with 50 or 360 nm FWHM, 8.6 MGy dose, and empirical HSQ dose sensitivity from Fig. 4͑b͒ .͔ Since the step size ͑50 nm͒ is much smaller than the reaction spread ͑150 nm͒, adjacent points overlap extensively with previously cross-linked material, and cross-linking accumulates to a larger degree than anticipated based only on the absorbed dose. As a result, the peak contrast increases with increasing feature size despite a constant absorbed dose. As shown in the subsequent section, the full extent of the reaction spread is not apparent after development. This could explain why the area-dose dependence cannot be predicted based only the exposure beam profile and developed line widths. Note that the integrated intensity of the line profiles and simulations show that the total degree of cross-linking is approximately linear with increasing feature width; only the peak contrast is area dependent. Lower dashed line ͑black͒ is the expected contrast based on the actual exposed area. Upper curve ͑gray͒ is simulated using a single-pass line width of 360 nm, as measured. Thus, the peak degree of cross-linking increases with feature width due to spreading effects.
Interestingly, for up to ten adjacent single-pass lines, the area dependence of the peak contrast is approximately linear. This is consistent with reports for ultrathin, e-beam patterned, and developed HSQ. 15 However, the area dependence saturates once the feature width exceeds the range of the reaction spread ͑Ն10 single-pass lines͒, as the overlap becomes primarily an edge effect. Thus, the area dependence is determined by the patterned feature dimensions relative to the reaction spread distance. This proximity effect is also extremely important for small features that are closely spaced ͑see supplementary material in Ref. 41 for additional proximity effect results͒. Figure 4 and previous HSQ studies 16, 67 reveal that the spatial extent of reaction spread is dose dependent. Quantifying the dose dependence may improve lithographic reproducibility, where the dimensions of developed features depend on the local degree of cross-linking. Therefore, the reaction spread was measured in latent single-pass line exposures ͑50 nm step size, 580 eV exposure͒ as a function of dose ͑0.4-111 MGy͒ and film thickness ͑100-400 nm͒. Figure 6͑a͒ shows the raw x-ray transmission image for a set of lines in a 330Ϯ 50 nm thick HSQ film. Line profiles are vertically averaged along the full length of each line to obtain the FWHM.
D. Dose versus line width: Quantifying reaction spread
For comparison, Fig. 6͑b͒ is a SEM image of this set of lines ͓from Fig. 6͑a͔͒ after room temperature development in 1% NaOH+ 4% NaCl. Figure 6͑c͒ shows the STXM transmission at 536 eV of the developed lines and the line contrast profiles in OD. The single-pass lines exposed at low doses ͑0.6Ϯ 0.3 and 2.1Ϯ 0.6 MGy͒ are removed by the developer, while the lines at 3.9Ϯ 1.0 MGy are just visible. Following the typical definition of onset dose ͑D i , the minimum dose required for cross-linked resist to be insoluble during development͒, this corresponds to an onset dose of ϳ3.9Ϯ 1.0 MGy or 181Ϯ 37 mJ/ cm 2 . This is in agreement, within uncertainty, with the onset dose reported for x-ray lithography in 300 nm thick HSQ films of D i Ϸ 200 mJ/ cm 2 ͑in TMAOH developer͒. 30 The dashed line in Fig. 6͑a͒ at a ⌬OD of 0.06Ϯ 0.02 corresponds to the threshold in latent contrast below which all materials are removed by the developer. Based on Fig. 4͑b͒ , this threshold level of cross-linking for development contrast ͑⌬OD= 0.06͒ corresponds to an increase in cross-linking of just 7.1Ϯ 2.5% of the possible ͑initial͒ cross-linkable sites. The initial degree of HSQ cross-linking in the as-spun film ͑and thus the number of cross-linkable sites͒ depends on preparation and handling prior to exposure. [12] [13] [14] 24, 68 Figure 7͑a͒ shows the FWHM of all the latent single-pass lines. Each data point is the mean of two to five independent lines, confirming that the spread in cross-linking increases with dose. 15 For example, in the 330 nm thick film, the latent line width averages 193Ϯ 40 nm FWHM at the lowest dose ͑0.6Ϯ 0.5 MGy͒, up to 355Ϯ 7 nm at the highest dose ͑111Ϯ 29 MGy͒, corresponding to a spread of 70-150 nm on either side of the exposure beam profile at the FWHM. Initially, the line width increases sharply with dose, then the rate of increase slows at higher doses. This could indicate a maximum range for the diffusing species or chain reaction and is also consistent with the two-stage cross-linking process described in Sec. III B.
The reaction spread also increases with film thickness. For the ϳ300 nm thick films, the minimum possible latent line width is 157Ϯ 5 nm, compared to 190Ϯ 7 nm for the ϳ330 nm thick films and 223Ϯ 27 nm for the ϳ400 nm thick films. These values are determined by extrapolating the low dose points to zero dose. Additionally, 90Ϯ 14 nm wide lines ͑7.1Ϯ 2.4 MGy, 100Ϯ 32 mJ/ cm 2 ͒ were measured in a developed, 100Ϯ 20 nm thick HSQ film ͓Fig. 7͑b͔͒. This figure shows that the trend of narrower lines in thinner samples continues beyond the minimum film thickness accessible by latent STXM imaging. This increase in line width with film thickness is also consistent with recently published results for very thin, developed HSQ. 15, 69 One possible ex- planation for increased reaction spread with film thickness is that the spread mechanism is inhibited by the surface of the film. Figure 7͑b͒ shows that single-pass lines are narrower after development at low doses ͑versus latent image͒, while at high doses ͑Ն111 MGy͒ the developed lines are ϳ30% wider. However, comparing line profiles in Figs. 6͑a͒ and 6͑c͒ reveals that all lines are narrower at their "base" after development, regardless of dose. This is because below the critical cross-linking degree ͑⌬ODϽ 0.06͒, all materials are removed by the developer. This narrowing of the lines is expected based on studies of the developer activity, 70 but detailed line profiles of the undeveloped material were not accessible in that work. Importantly, although cross-linked material below the threshold is removed by the developer, it still contributes to area dependence and other proximity effects.
These lines are substantially wider than in recent state-ofthe-art HSQ lithography ͑4.5-20 nm line width 1, 3, 21 ͒ due to the film thickness, 50 nm FWHM exposure beam, and delay effects. 13 Preliminary results suggest that the reaction spread-and resulting latent line width and proximity effects-increases significantly with delay between spincoating and exposure in unbaked films. This line width increase with delay is consistent with previous reports in prebaked and developed HSQ thin films, 14 where the magnitudes of delay effects exceeded stock solution aging effects. 13, 14 The area, dose, and thickness dependent effects observed here are consistent with trends in ultrathin HSQ e-beam and photolithography. 
E. Potential cause of cross-linking reaction spread
In this work, the reaction spread in latent HSQ patterns was quantified. Since the x-ray beam position is interferometer controlled to better than 10 nm and tightly focused, and we have measured and accounted for the low-dose sensitivity, exposure effects leading to line broadening are ruled out. One possible cause for the Ͼ70 nm lateral spread is reactive species diffusing through the film. Reaction spread within this range ͑100-200 nm͒ was recently reported in x-ray patterning of thin ͑ϳ40 nm͒ positive-tone photoresists ͓polymethyl methacrylate ͑PMMA͒ and polyacrylonitrilie ͑PAN͔͒. The results are tentatively attributed to the propagation of radicals and/or ions through the film, but the mechanism has yet to be determined. 44 In that report, it was estimated that heating of the films is negligible ͑on the order of 5 ϫ 10 −4 K͒, so thermal damage is an unlikely mechanism for the reaction spread.
When a soft x-ray photon at 536-580 eV is absorbed by the HSQ thin film, it excites a core electron in the sample, which decays to produce a high energy Auger electron ͑ϳ500 eV͒ and a singly or doubly ionized valence excited state, which can lead to the breaking of nearby bonds at a range of a few nanometers. This produces reactive radical and/or ion fragments and secondary electrons, which can further propagate the reaction. 44 The mean free path of scattered 0-580 eV electrons in HSQ should be similar to amorphous glass and polymers of similar density ͑Ͻ10 nm͒. 71, 72 The effect of low energy secondary electrons ͑10-50 eV͒ in e-beam lithography of HSQ is limited to a range of ϳ2 nm. 73 Therefore, we suspect that small radicals or ions are responsible for the Ͼ70 nm reaction spread through the film. A variety of mechanisms could explain the reaction spread, including reactions of protons or H radicals liberated by the cleavage of the Si-H bonds during x-ray absorption. These may propagate some distance before reacting and initiating cross-linking, possibly leading to a chain reaction. See supplementary material in Ref. 41 for detailed reaction mechanisms. Both H atom and proton initiated mechanisms could account for the decrease in Si-OH ͑silanol͒ and increase in oxygen with cross-linking observed in the NEXAFS spectra in this study.
IV. SUMMARY AND CONCLUSIONS
Direct-write x-ray lithography and subsequent x-ray imaging of latent photoresist patterns is a powerful way to monitor the chemistry of x-ray induced processes in the absence of developer effects. Oxygen and silicon edge NEXAFS spectra of HSQ films before and after x-ray exposure show that the total oxygen content in x-ray exposed regions increases while the Si-OH content decreases, and no change in silicon content is observed. This indicates the incorporation of existing Si-OH into the network and an uptake of water and/or additional oxygen in cross-linked re- gions. The sensitivity of HSQ cross-linking to direct x-ray exposure reveals that the cross-linking proceeds by a rapid initial step ͑ 1 = 0.09Ϯ 0.01 s͒ followed by a slower second stage ͑ 2 = 5.5Ϯ 0.3 s͒, suggesting that an initial number of easily cross-linked sites are consumed quickly, producing a more rigid network, which resists further cross-linking. Thus, a higher absolute degree of cross-linking reduces the sensitivity of HSQ films. The developer solution removes material below a critical, relative cross-linking degree of 7.1Ϯ 2.5% ͑relative to the maximum number of available cross-linkable sites͒, whether it is cross-linked by direct exposure or reaction spread.
A dose and thickness dependent reaction front spread of 70-150 nm is revealed in these HSQ films, independent of developer conditions. The full extent of this spread is not apparent after high-contrast, room-temperature development. However, it is crucial to understanding the resolutionlimiting characteristics of HSQ and correcting for proximity effects to obtain well-defined final feature dimensions. The long range and thickness dependence of this reaction spread may be due to the diffusion of H atoms or protons through the HSQ film. STXM imaging requires Ͼ250 nm thick HSQ films for good signal-to-noise ratios, but the chemical information, line width versus thickness trends, and their relation to proximity effects appear to be applicable for thinner films as well.
Future work on HSQ should address the role of water and Si-OH in the cross-linking mechanism and determine whether H radical or proton diffusion is responsible for the reaction spread. Interestingly, HSQ is the resist used to fabricate the next generation of Fresnel zone plates currently in development ͑12-15 nm outer diameter͒, 5 so higher resolution x-ray lithography and STXM imaging are made possible in part by a better understanding of HSQ chemistry. Furthermore, with a better understanding of the cross-linking mechanism, delay effects, and the cause of reaction spread, new and better photoresists based on HSQ can be designed to fabricate the next generation of smaller, faster, more reliable electronic devices and new nanoscale optical devices.
